Objective: To explore home care nurses' numeracy and graph literacy and their relationship to comprehension of visualized data. Materials and Methods: A multifactorial experimental design using online survey software. Nurses were recruited from 2 Medicare-certified home health agencies. Numeracy and graph literacy were measured using validated scales. Nurses were randomized to 1 of 4 experimental conditions. Each condition displayed data for 1 of 4 quality indicators, in 1 of 4 different visualized formats (bar graph, line graph, spider graph, table). A mixed linear model measured the impact of numeracy, graph literacy, and display format on data understanding. Results: In all, 195 nurses took part in the study. They were slightly more numerate and graph literate than the general population. Overall, nurses understood information presented in bar graphs most easily (88% correct), followed by tables (81% correct), line graphs (77% correct), and spider graphs (41% correct). Individuals with low numeracy and low graph literacy had poorer comprehension of information displayed across all formats. High graph literacy appeared to enhance comprehension of data regardless of numeracy capabilities. Discussion and Conclusion: Clinical dashboards are increasingly used to provide information to clinicians in visualized format, under the assumption that visual display reduces cognitive workload. Results of this study suggest that nurses' comprehension of visualized information is influenced by their numeracy, graph literacy, and the display format of the data. Individual differences in numeracy and graph literacy skills need to be taken into account when designing dashboard technology.
on outcomes. 6 This could be due to a number of factors, such as differences in the use of graphical displays (eg, bar graphs, line graphs) or how the dashboard is accessed by clinicians (either passively or proactively). 6 It could also be due to variations in the levels of experience and expertise among clinicians. 7, 8 In addition, cognitive factors such as spatial ability affect how individuals perceive and use data presented in visualizations. 9 Health care professionals are increasingly using diverse devices, including tablet computers and smartphones, to access health care data. [10] [11] [12] However, there is currently little research exploring the impact of such devices on visualization comprehension in the context of nursing practice. 10 Data visualization techniques such as those used in clinical dashboards assume that individual users are able to comprehend the data represented by the visualization. However, the ability to understand such information is often determined by the individual's level of numeracy (the ability to understand numerical information) and graph literacy (the ability to understand information presented graphically). 7, 8, [13] [14] [15] In general, high numeracy is related to one's ability draw precise inferences from numerical data, such as interpreting and predicting numerical trends and understanding risk information. 15 In contrast, individuals with low numeracy have limited ability to carry out basic mathematical operations, such as converting a percentage to a proportion. 16 Graph literacy is a relatively recent concept 15 that refers to how well individuals comprehend numeric information when it is displayed graphically. Gaissmaier et al. 7 found that individuals with low graph literacy understood numerical information better if it was presented as numbers, whereas those with high graph literacy had better comprehension when the same information was presented in graphical format. The majority of research to date on the relationship between graph literacy and comprehension of health data has focused on risk communication with patients. 8, 14, [17] [18] [19] [20] [21] Researchers have explored how different display types affect physicians' decisions regarding clinical trial monitoring 22 and the impact of graph literacy and numeracy in nurses. 15, 23 These studies highlight variations in decision outcomes depending on the type of graph display and suggest that when information is presented in a graphical format, nurses with higher graph literacy have better data comprehension than nurses with lower graph literacy. 23 What is currently lacking is a specific exploration of how graph literacy and numeracy can interact and impact on clinicians' (in this case nurses') ability to interpret information presented in a visualized format.
OBJECTIVE
This study was designed to explore the impact of home care nurses' numeracy and graph literacy on their comprehension of visualized data. The overall aim of our research is to develop dashboards to provide feedback to home care nurses at the point of care for patients with congestive heart failure (CHF) that are individualized to user characteristics, in order to increase data comprehension and support clinical decision making. In 2014, an estimated 3.4 million Medicare beneficiaries received skilled care from home health agencies in the United States, 24 a number that is likely to increase with the aging population. Patients with CHF are at increased risk of rehospitalization, 25 and home health patients with a primary diagnosis of heart failure have a 42% greater risk of hospital readmission (adjusted odds ratio 1.42, 95% confidence interval [CI], 1.37-1.48). 26 Therefore, interventions designed to support clinicians in caring for CHF patients have the potential to improve quality outcomes in home care settings.
MATERIALS AND METHODS
The study used a multifactorial experimental design, with data collected via an online survey. The study was approved by the Institutional Review Boards at Columbia University Medical Center and the Visiting Nurse Service of New York.
Study measures and instrument development
Numeracy Numeracy was measured using the expanded numeracy scale. 16 This is an 11-item scale that evaluates numerical skills, such as the ability to identify differences in the size of health risks, conduct simple mathematical operations using percentages and proportions, convert percentages to proportions and vice versa, and convert probabilities to proportions. The scale has 3 general numeracy items and 8 expanded items that frame questions in the context of health risks. Higher scores on the scale are associated with higher numeracy. The scale has been widely used as a method for assessing objective numerical competence, with high reliability (Cronbach's a ranging from 0.7 to 0.75). Using a median cutoff, individuals are categorized as having low numeracy if their score is <8 and high numeracy if their score is !8.
16
Graph literacy Graph literacy was measured using a scale developed by Galesic and Garcia-Retamero 27 specifically for the health domain, to measure both basic and advanced graph reading skills and comprehension across different types of graphs. 27 The scale consists of 13 items and measures 3 levels of graph comprehension: the ability to (1) read the data (eg, find specific information in a graph, such as a data point in a line graph), (2) read between the data (eg, identify relationships between data points on a graph, such as the difference in value between 2 data points), and (3) read beyond the data (eg, make inferences or predictions from the data, such as predicting a future trend from a line graph). The scale was originally tested in 2 samples from Germany and the United States, with high internal consistency (a ¼ 0.74 and 0.79, respectively). 27 A lower score on the scale represents lower graph literacy; using a median cutoff of 9, individuals with a score <9 are considered to have low graph literacy and those !9 high graph literacy.
Data and graph comprehension
Four indicators representing feedback about the quality of care provided to heart failure patients (percentage of CHF patients with a complete plan of care [last 8 weeks], percentage of high-risk CHF patients seen within 24 h of admission to home care, percentage of CHF patients with high risk of hospitalization, patient daily weight record) were developed. The data for each quality indicator could be presented in 1 of 4 presentation formats (bar graph, line graph, spider/radar graph, or table/text). These 4 presentation formats were chosen to reflect common ways of displaying quality information (tables, line graphs, bar graphs) and as a format that is possibly less familiar to nurses but is being used to display quality-related information (spider/radar graph). 28 Following presentation of each quality indicator, participants were asked questions regarding their comprehension of the data presented in the graph/table (see Figure 1 for an example). Questions to capture demographic characteristics and to measure numeracy, graph literacy, and comprehension were combined into a single survey instrument with a total of 58 items (which could be accessed/completed on a mobile/tablet device or a personal computer), formatted using online software (www.surveygizmo.com). The software enables construction of different types of survey questions (such as multiple choice or free-text responses). Using the software, we translated the questions from the graph literacy scale and the numeracy scale into a computer-based format (exactly as they appear on paper). Each screen or page of the survey represented a different scale or measure. In addition, for the comprehension questions, nurses were presented with the information in 1 of the 4 experimental graph formats, followed by questions to test their understanding of that information.
Study sample, setting, and recruitment procedure Eligibility criteria consisted of: (1) registered nurses (RNs) who were currently employed at a certified home health agency and (2) were visiting patients once or more per week. A convenience sample of nurses was recruited from 2 large, not-for-profit Medicare-certified home health agencies located in the Northeast region of the United States.
All potential participants (ie, all RNs identified by the 2 agencies' Human Resources departments as working at the agencies) were sent an e-mail describing the purpose of the study, with a live link to the survey website. Each link was unique to the user, allowing him or her to save it and return to complete it at a later date. Reminders were sent to all nonresponders 2, 3, and 4 weeks after the initial e-mail. On completion, nurses could provide their contact details (separate from survey responses) to receive a $20 gift voucher in recognition of their time. We did not conduct a power analysis for estimating sample size; the total population of eligible nurses was contacted in both agencies, and those who chose to respond were included in our analysis. As this is the first study to explore the interaction between numeracy and graph literacy and the impact on understanding, we sought to recruit as many nurses as possible to identify potential differences that could be explored in future research.
Participants first completed screening questions to assess their eligibility to participate in the study and were asked to complete a demographic questionnaire, followed by the graph literacy scale and numeracy scale. They were then randomized (using the logic programming from the survey software) into 1 of 4 experimental groups ( Table 1 ). The study was designed so that each participant received data for each quality indicator in 1 of each of the formats of data presentation. This method ensured that any differences observed in comprehension across graph formats was related to differences in numeracy or graph literacy, not the type of data displayed or the characteristics of nurses.
Outcome -data comprehension for quality indicators
Binary variables were created identifying participants' correct interpretation for each of the 4 quality indicators presented in the graph/ table format.
Predictors
Participants were first categorized by their numeracy (low or high) and second by their graph literacy (low or high). 16, 27 We then constructed 4 groups to reflect an individual's combination of numeracy and graph literacy: low numeracy and low graph literacy, low numeracy and high graph literacy, high numeracy and low graph literacy, and high numeracy and high graph literacy. Type of data displayed (bar graph, line graph, spider graph, or 
Data analysis
Descriptive statistics were used to examine the demographic characteristics of the sample population, and chi-square or T test was used to compare these characteristics between the 2 agencies. Mixed linear models were used to explore the impact of different display types on data comprehension, and to separately estimate the interaction of the effect between high-low numeracy and high-low graph literacy on data comprehension. In addition, a mixed linear model was used to estimate the interaction effects between the 4 groups of numeracy and graph literacy and type of display on data comprehension. Analyses were conducted separately for each agency as well as for all participants. Results were adjusted for multiple comparisons. All data were analyzed using SAS (version 9.4)
RESULTS
The survey was conducted between February 16 and May 26, 2016. E-mail invitations were sent out to 1052 nurses across the 2 agencies. In all, 322 individuals accessed the survey (30.6 % response rate); of these, 125 did not complete all of the survey questions. Twenty-three participants were disqualified (did not meet the inclusion criteria) and 102 gave partial responses (of whom 9 completed screening questions, 35 completed screening and demographic questions, 8 dropped out during completion of the graph literacy scale, 37 completed the graph literacy scale but did not start the numeracy scale, 1 started but did not complete the numeracy scale, and 12 completed the graph literacy and numeracy scales but did not take the rest of the survey). Overall, we received a total of 195 completed responses (129 from Agency 1 and 66 from Agency 2). Reliability of the numeracy scale for our sample was a ¼ 0.68 and for the graph literacy scale was a ¼ 0.76. Similar to previous studies, 27 the numeracy and graph literacy scales were correlated (r ¼ 0.56; P <.001), but with enough variance to indicate that they were measuring different concepts. Table  3 Bar Chart Spider Graph Table  Line Graph  4 Spider Graph Table  Line Graph Bar Chart Demographic characteristics of the survey respondents were compared to characteristics of the entire population of licensed practical nurses and registered nurses employed, using data supplied by the Human Resources departments of both agencies (Supplementary Table  1 ). Survey respondents tended to be better educated (a higher proportion with a postgraduate degree and fewer with an associate's degree or diploma). There was a greater proportion of whites and a smaller proportion of African Americans than in the population as a whole. We found no significant difference in demographic characteristics of nurses who partially (n ¼ 93) and fully completed the survey (Supplementary Table 2 ). However, a comparison of mean graph literacy scores between partial (n ¼ 50) and complete survey responses found that individuals who completed the survey had significantly higher graph literacy scores (Supplementary Table 3 ). Mean numeracy scores did not differ between partial (n ¼ 12) and complete survey responses.
Characteristics of study participants

Comprehension of display information
Across the whole sample, nurses understood information presented in the bar graph format most often (mean 88% correct responses), followed by table (81% correct responses), line graph (77% correct responses), and spider/radar graph (41% correct responses). There were no differences in comprehension of data by gender, age, race, education, experience, employment status, or home care agency.
Impact of numeracy and graph literacy on display comprehension
We categorized nurses as having either high (N ¼ 147, 75%) or low (N ¼ 48, 25%) numeracy and high (N ¼ 146, 75%) or low (N ¼ 49, 25%) graph literacy. Both numeracy and graph literacy were significantly related to data comprehension; nurses with low numeracy had lower overall comprehension (average 65% correct responses vs 75% for individuals with high numeracy; percent point difference:
À10.0 [SE 3.6], P ¼ .006), and nurses with low graph literacy also had lower overall comprehension (average 63% correct responses vs 77% for individuals with high graph literacy; percent point difference: À14.4 [SE 3.6], P < .001).
There were also interactions between numeracy and graph literacy and display type ( Figure 2 and Table 3 ). Individuals with low numeracy were significantly less likely to comprehend data in spider/radar graphs compared to individuals with high numeracy. Individuals with low graph literacy were significantly less likely to comprehend data in both spider/radar graphs and tables compared to individuals with high graph literacy.
Nurse responders were then tabulated into 4 categories: (1) low numeracy and low graph literacy (n ¼ 24; 12%), (2) high numeracy and low graph literacy (n ¼ 24; 12%), (3) low numeracy and high graph literacy (n ¼ 25; 13%), and (4) high numeracy and high graph literacy (n ¼ 122; 63%). Nurses with high numeracy and high graph literacy had a mean of 81% correct responses, those with low numeracy and high graph literacy had a mean of 78% correct responses, those with high numeracy and low graph literacy had a mean of 74% correct responses, and those with low numeracy and low graph literacy had a mean of 54% correct responses. A mixed linear model was used to identify potential interactions between graph literacy and numeracy and information display type (Figure 3 ). Line graph À11.0 (6.0) .1 Spider/radar graph À22.0 (6.0) <.01** Table  À22 .0 (7.0) <.01** Bar graph À2.0 (6.0) .78 *P < .05; **P < .01. There were significant interaction effects depending on an individual's graph literacy and numeracy (Table 4) . Nurses with low numeracy and low graph literacy were less able to understand and interpret information compared to nurses with high numeracy and high graph literacy across all 4 display types. High numeracy and/or high graph literacy appears to be associated with improved understanding of spider/radar graphs, and individuals with high graph literacy appear to have greater comprehension of information presented in a table format compared to individuals with low graph literacy.
DISCUSSION
Our study highlights the importance of understanding the numeracy and graph literacy abilities of home care nurses when considering how to develop tools to provide information effectively at the point of care to inform decision making. We found variations in numeracy and graph literacy in our sample population; while our sample had higher numeracy and graph literacy skills than identified in the wider US population, 27 a significant proportion of nurses would be classified has having low numeracy and low graph literacy. In addition, a greater proportion of nurses in our study scored high on measures of both numeracy and graph literacy compared to previous studies examining nurses. 15 This difference may be due to variations in the methods of measuring numeracy; our study used an objective measure of numeracy that requires individuals to provide answers to numerical problems, compared to a subjective measure that asks respondents to provide their subjective perception of numerical ability, and variations in the cutoffs used to distinguish between high and low numeracy and graph literacy. The findings also highlight the importance of considering numeracy and graph literacy when evaluating data presentation formats. Our results suggest that individuals with low numeracy and low graph literacy have considerable comprehension issues regardless of how data are presented. In contrast, individuals with high graph literacy (regardless of their numeracy) are able to comprehend data presented quantitatively more effectively than those with low graph literacy. Our findings are similar to those of previous studies exploring nurses' understanding of data presented in different formats in a clinical decision support system 23 and of studies conducted among the general public. 17 In general, those with higher graph literacy skills benefit more from data presented visually in formats such as icon arrays and bar and line graphs, particularly if they have low numeracy. 17 In contrast, individuals with low numeracy skills may benefit from having data presented in a specific format, such as bar graphs or tables. These findings may explain the lack of impact of some clinical dashboards on patient care outcomes. The dashboards that were evaluated in a recent systematic review varied considerably in the ways they displayed information to clinicians. 6 This included using different types of graphical interface, such as bar graphs, line graphs, and thermometer icons, 29 and combinations of text and color indicators. [30] [31] [32] [33] [34] [35] To our knowledge, no existing research to date has explored in detail whether or how these various types of data displays enhance or decrease clinicians' understanding of data. It is therefore equally unclear how their behavior might change on the basis of how data are displayed in clinical dashboards. Of particular concern is the large number of studies that predominantly used data displays in the form of tables (enhanced by color indicators). Individuals who have low numeracy and low graph literacy may have specific issues around comprehending this type of data effectively, indicating a need for dashboard designers to consider alternative forms of data display. The findings of our study have important implications for the design of technology systems such as clinical dashboards. In general, there is an assumption that presenting data in a visualized format will improve data comprehension, by reducing the cognitive workload associated with processing the information. 3, 4 However, our findings would suggest that consideration also needs to be given to individual variations in clinicians' ability to understand information. Although individuals with high graph literacy may be able to comprehend a large proportion of data presented in dashboard visualizations, those with low graph literacy or numeracy may not.
Strengths and weaknesses of the study
Strengths of our study include a large home care nurse sample recruited from 2 health care agencies, with variations in age, experience, and race/ethnicity; use of a validated objective measure of numeracy (compared to previous studies that used subjective measures) 15, 23 ; a validated measure of graph literacy; and an experimental research design. By manipulating different types of information display and randomizing participants to different experimental groups, we were able to explore the impact of numeracy and graph literacy while controlling for order effects if we had held the presentation of quality indicators and graphical displays constant. There are some limitations that need to be highlighted. Our sample was self-selected (in that participants chose to respond to the survey invitation) and we had a large dropout rate for individuals who started but did not complete the survey. Analysis of the uncompleted responses may indicate that our sample is more graph literate and numerate than the overall home care nurse population, and this may have affected the results of our study. Further, we used specific graphical displays, some of which may not be commonly used as methods of providing data in clinical dashboards to individuals in a health care setting. Commonly, dashboards provide data on a number of quality indicators at once and can have a mixture of different types of data display on 1 screen. Further research will be required to explore the impact of more complex data displays on understanding. In addition, our study was limited to 1 type of clinician population (home care nurses) and the results may not be generalizable to other health care settings or other populations of clinicians.
Future research
This study explored how variations in numeracy and graph literacy in home care nurses could influence their understanding of data displayed in different formats. Further research to explore numeracy and graph literacy in populations of clinicians across health care settings and professional groups would provide valuable insights into whether and how variations might impact the ability to comprehend data presented in different visualized formats. In addition, further research into how to provide support for clinicians to enable them to comprehend data presented in visualizations such as dashboards might be required before they can be fully utilized in a clinical setting.
Individual clinician differences are only 1 of a number of factors that can influence how dashboards are used in clinical practice settings. Further research needs to consider other aspects of dashboard design (such as the availability of dashboards during clinical workflow), user requirements (how the dashboard fits with existing workflow and technology systems), and the effect of different types of device interface (such as mobile devices) as well as explore the impact of dashboard technology on clinician behavior. Dashboard de-signers need to consider developing technology that can be adapted to individual user characteristics, so that the way data are displayed maximizes the user's ability to comprehend the data.
CONCLUSION
Clinical dashboards are increasingly used as a way to provide information to clinicians in a visualized format regarding specific quality of care indicators, with the aim of improving decision making and care quality. Our findings strongly suggest that developers of dashboard systems need to consider providing flexibility for users to display the same information in different ways (eg, as a table, line graph, or bar graph). Our findings further confirm the need to evaluate end users' ability to understand information displays before a dashboard for general use in a health care setting is released. LNLG ¼ low numeracy, low graph literacy (numeracy < 8, graph literacy < 9) HNLG ¼ high numeracy, low graph literacy (numeracy ! 8, graph literacy < 9) LNHG ¼ low numeracy, high graph literacy (numeracy < 8, graph literacy ! 9) HNHG ¼ high numeracy, high graph literacy (numeracy ! 8, graph literacy ! 9) *P < .05; **P < .01.
